Intervertebral disk (IVD) degeneration is a prevalent age-associated musculoskeletal disorder and a major cause of chronic low back pain. Aging is the main risk factor for the disease, but the molecular mechanisms regulating IVD homeostasis during aging are unknown. The aim of this study was to investigate the function of FOXO, a family of transcription factors linked to aging and longevity, in IVD aging and age- 
molecular level result in structural and functional impairment of the ECM, eventually leading to biomechanical failure and degeneration (Anderson & Tannoury, 2005; Kepler, Ponnappan, Tannoury, Risbud, & Anderson, 2013; Sivan, Wachtel, & Roughley, 2014; Vergroesen et al., 2015) . However, the initiating molecular events that drive IVD aging remain poorly understood.
FOXO proteins are family of transcription factors that have important functions in development, aging, and longevity (Kahn, 2015; Martins, Lithgow, & Link, 2016) . FOXO1, FOXO3, and FOXO4 are ubiquitously expressed, whereas FOXO6 expression is mainly detected in the brain (Eijkelenboom & Burgering, 2013) . FOXO function in controlling cellular homeostasis and maintaining stem/progenitor cell populations, processes that are critical in aging and in determining lifespan (Eijkelenboom & Burgering, 2013; Webb & Brunet, 2014) . Recent evidence supports that dysregulation of FOXO expression or activity contributes to the pathogenesis of age-related diseases (Ambrogini et al., 2010; Sandri et al., 2004) , including osteoarthritis (Akasaki et al., 2014; Matsuzaki et al., 2018) .
We recently reported that expression of FOXO1 and FOXO3 in IVD is reduced during aging and degeneration in humans and mice (Alvarez-Garcia, Matsuzaki, Olmer, Masuda, & Lotz, 2017) . However, the function of FOXO in IVD is unknown. In this study, we used in vivo and in vitro approaches to investigate the role of this important family of transcription factors in IVD biology and pathogenesis of IDD.
| RESULTS

| FOXO deficiency impairs postnatal IVD maturation and homeostasis
To model and study the consequences of the reduced expression of FOXO in NP, AF, and EP of degenerated IVD (Alvarez-Garcia, Matsuzaki, Olmer, Masuda, et al., 2017) , we generated mice with deletion of FOXO1, 3, and 4 in IVD tissues under the Col2a1 promoter Col2a1Cre-FOXO KO mice were viable at birth and had similar body size as Col2a1Cre −/− littermates with no overt skeletal abnormalities. IVD from Col2a1Cre-FOXO KO mice were indistinguishable from those in control mice at postnatal day 1 (P1) and 7 (P7) (Supporting information Figure S1b in Appendix S1). Starting at 1 month of age, lumbar IVD from Col2a1Cre-FOXO KO mice exhibited a mild enlargement of the NP and a modest increase in disk height . The increased disk height of mutant mice became more marked at 2, 4, and 6 months of age and was concomitant with significantly higher cellularity in the NP (Figure 1c 
| FOXO control IVD cell proliferation and maturation
To test whether the increased cellularity in the NP of mice lacking FOXO was due to changes in cell proliferation, 3-week-old Col2a1Cre-FOXO KO and Col2a1Cre −/− control mice were injected with 5-bromo-2'-deoxyuridine (BrdU) intraperitoneally for five con- FOXO deletion in the IVD also resulted in histological changes suggestive of abnormal cell differentiation. In mice, the NP compartment is composed of a large cluster of cells in the center of the NP that is surrounded by a layer of proteoglycan-rich matrix (Tam et al., 2017) . During postnatal growth and maturation, cells within the NP undergo a morphologic shift from a round and vacuolated to a more flattened cell when skeletal maturity is reached at 4 months of age ( Figure 2b ). However, this shift did not occur in Col2a1Cre-FOXO KO mice where large round cells could still be seen at 4 months of age ( Figure 2b ). In addition, whereas the cell area/NP area ratio was progressively reduced in control mice, no significant changes were Moreover, the number of LC3 puncta, a marker of autophagosomes and autophagy activation (Mizushima & Yoshimori, 2007) , was significantly decreased in the NP of Col2a1Cre-FOXO KO mice at 4 months of age ( Figure 4d ).
NP cells reside in a unique microenvironment defined by low oxygen and low nutrients (Risbud, Schipani, & Shapiro, 2010) . Adaptive mechanisms to this environment include activation of HIF1A
(hypoxia-inducible factor 1α subunit) signaling and increase in autophagic activity (Choi et al., 2016; Risbud et al., 2010 HIF1A (siHIF1A) showed no differences in FOXO3 levels (Supporting information Figure S7a in Appendix S1). In addition, hypoxia increased the expression of autophagic genes (MAP1LC3, BNIP3, and PRKAA2) and autophagic activity as evidenced by decreased protein levels of p62 and increased levels of lipidated LC3 (LC3-II) . In agreement with previous reports (Choi et al., 2016) , this induction of autophagy by hypoxia was not regulated by HIF1A
(Supporting information Figure S7b in Appendix S1).
Next, we sought to investigate whether FOXO regulate the expression of homeostatic genes in NP cells during hypoxic conditions. Human NP cells were transfected with siFOXO1, siFOXO3, or a combination of siFOXO1 + 3 and incubated in 1% oxygen for 24 hr. FOXO3 and FOXO1 + 3 knockdown significantly decreased expression of SESN3, SOD2, and MAP1LC3, whereas siFOXO1 + 3-transfected cells also showed lower levels of BECN1 and PRKAA2
( Figure 5d ). In addition, a significant reduction in LC3-II levels was observed upon knockdown of FOXO3 and FOXO1 + 3 (Figure 5e ).
Conversely, ectopic overexpression of tamoxifen-inducible forms of
FOXO1 (FOXO1-ER) or FOXO3 (FOXO3-ER) in human immortalized
NP cells (Sakai et al., 2004) increased mRNA levels of SESN3, MAP1LC3, GABARAPL1, and PRKAA2 (Figure 5f ). This transcriptional activation of homeostatic genes was likely a direct function of FOXO as overexpression of a FOXO3 mutant that lacks the DNA binding region (FOXO3-ΔDBD-ER) (Tran et al., 2002) did not change gene expression (Supporting information Figure S8 in Appendix S1). In 
| DISCUSSION
Chronic pain and disability due to IDD is one of the most common age-associated conditions in humans (Dagenais et al., 2008; Manchikanti et al., 2014) . Aging is a major risk factor for the initiation and progression of IDD (Miller et al., 1988) , and given the increase in life expectancy worldwide (2015), it has become a priority to identify the causes and mechanisms of IDD to reveal new therapeutic targets and approaches. Previous studies have proven useful in demonstrating the importance of changes in the expression of genes encoding structural components of ECM and growth factor signaling mediators in the pathophysiology of IDD (reviewed in Vo et al., 2013; Daly, Ghosh, Jenkin, Oehme, & Goldschlager, 2016) . However, the precise molecular events that lead to cell dysfunction and potentially initiate the degenerative cascade during aging remain unknown.
To our knowledge, this study provides the first evidence of specific transcription factors that regulate IVD aging and homeostasis. The focus on FOXO was based on their critical role in cellular homeostasis and aging (Eijkelenboom & Burgering, 2013; Webb & Brunet, 2014 ) and on our previous findings that the expression of FOXO is reduced in degenerated human IVD and during mouse spine aging (Alvarez-Garcia, Matsuzaki, Olmer, Masuda, et al., 2017) . Here, we Loss of NP cellularity is one of the earliest and most important events in IDD that is hypothesized to drive the progression of the disease (Anderson & Tannoury, 2005; Ding, Shao, & Xiong, 2013; Kadow et al., 2015; Vergroesen et al., 2015) . NP cells are unique in their ability to adapt to their physiological environment, defined by low-oxygen and nutrient levels (Bartels, Fairbank, Winlove, & Urban, 1998) . In a recent study, Choi et al. (2016) showed that NP cells activate autophagy under hypoxic conditions through a noncanonical, HIF1A, and mTOR-independent mechanism and that this activa- Wang et al., 2013; Yang et al., 2014) , and thus suggest that activation of FOXO in aged IVD could increase autophagy and protect NP cells from stress-induced apoptosis. Further supporting this hypothesis, various studies have shown that autophagy activation can protect NP cells against different apoptotic insults (Jiang, Jin, Wang, Jiang, & Dong, 2014; Jiang, Zhang, et al., 2014) .
In the present study, Col2a1Cre and AcanCreER drivers that are active in NP, AF, and EP (Henry et al., 2009; Jin et al., 2011) were chosen to delete FOXO in IVD to model the reduction of FOXO expression seen in all IVD compartments during mouse aging (Alvarez-Garcia, Matsuzaki, Olmer, Masuda, et al., 2017) . In addition to the severe degenerative changes in the NP, our data using both mouse models show that FOXO deletion led to cell loss and ossification in the cartilaginous EP. The EP has a pivotal role in regulating the nutritional status of the IVD and the age-related decrease in EP permeability due to ossification has been suggested as a contributing factor in IDD (Bartels et al., 1998; Bernick & Cailliet, 1982; Wang, Battie, Boyd, & Videman, 2011) . 
| EXPERIMENTAL PROCEDURES
| Animals
Col2a1-Cre transgenic mice (Ovchinnikov, Deng, Ogunrinu, & Behringer, 2000) and AcanCreER knock-in mice (Henry et al., 2009) 
| Human IVD tissues
Normal human lumbar IVD samples were collected from five cadaveric donors (age 19-45 years). Macroscopic assessment was performed according to Thompson grading (Thompson et al., 1990) and confirmed the absence of any pathological changes. Additional details of the samples are listed in Supporting information Table S1 in Appendix S1.
| Histological analyses
Lumbar spines were collected from FOXO mutant and control mice.
Samples were fixed and decalcified as described previously (AlvarezGarcia, Matsuzaki, Olmer, Masuda, et al., 2017) . The 4-µm-thick sagittal sections were stained with safranin O-fast green or picrosirius red staining for morphological analysis. Histological grading of NP/AF in mouse L4/L5 IVD was performed following the system described by Masuda et al. (2005) , and degenerative changes in EP were graded according to a modification to the scoring system described by Boos et al. (2002) . Briefly, the grading system in the 
| Immunohistochemistry
Immunohistochemistry of lumbar spine sections was performed as described elsewhere (Alvarez-Garcia, Matsuzaki, Olmer, Masuda, et al., 2017) using primary antibodies against collagen type X (1:10; 
| Immunofluorescence
Lumbar spine sections were processed as described above and incu- 
| Cell proliferation and apoptosis
To evaluate the rate of cell proliferation, injections of 100 mg/kg of BrdU (Sigma-Aldrich) were administered intraperitoneally to 3-week- 
| Cell culture
Human NP cells were isolated following the protocol described by Sakai et al. (2012) 
| Gene expression analysis
Mouse lumbar spine samples were collected at 2 and 4 months of age. NP and AF from all lumbar IVD were resected separately for each mouse and homogenized in QIAzol Lysis Reagent (Qiagen, Valencia, CA, USA). RNA was isolated using Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA, USA). RNA quality was assessed by measuring the 260/280 absorbance ratio. All RNA samples used in this study had a 260/280 ratio > 1.8. Gene expression was measured by real-time PCR using predesigned TaqMan gene expression assays (Thermo Fisher Scientific). At least four samples were analyzed in duplicate for each experimental condition.
| Protein extraction and Western blotting
Protein extraction and Western blotting were performed as described previously (Alvarez-Garcia, Matsuzaki, Olmer, Plate, et al., 2017) . Specific antibodies used were FOXO1 (1:1,000; 2,880 T; Cell
Signaling Technology, Danvers, MA, USA), FOXO3 (1:1,000; 2497S;
Cell Signaling Technology), LC3 (1:1,000; 12,741 T; Cell Signaling Technology), p62 (SQSTM1, 8025S; 1:1,000; Cell Signaling Technology), HIF1A (1:1,000; 20960-1-AP; Proteintech) β-tubulin (1:2,000;
66240-1-Ig; Proteintech), and GAPDH (1:5,000; AM4300; Thermo Fisher Scientific).
| Statistics
All data are reported as the mean ± standard deviation (SD). All data were tested for normal distribution using the Kolmogorov-Smirnov test. Statistical comparisons between more than two groups were assessed by one-way analysis of variance (ANOVA) followed by a post hoc Tukey's test. Comparisons between two groups were assessed by an unpaired, two-tailed t-test after testing for equal variance using an F-test. All statistical analyses were performed using PRISM 6 software (GraphPad Software). p-Values less than 0.05 were considered significant.
| Study approval
All mouse studies were approved by the Scripps Institutional Animal
Care and Use Committee and performed in accordance with ARRIVE guidelines and with attention to the standards reported by the NIH-NINDS designed to enhance animal study transparency and reproducibility.
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